Laves phase has been widely accepted to cause the impact brittleness of 9-12Cr martensitic heat-resistant steels after long time aging at elevated temperatures. However, in the present research, the impact toughness of the already brittle P92 steel aged at 600 °C for 2035 h could be restored to the original level by reheating at 700 °C for 1 h, with Laves phase 2 barely changed. This interesting result strongly indicated that the presence of Laves phase might not be the real reason for the impact brittleness.
Introduction
In addition to M 23 C 6 (M is Cr and Fe) carbides and MX (M is Nb, V; X is C and/or N) carbonitrides [1] [2] [3] [4] , Laves phase, usually chemically recognized as Fe 2 (W, Mo) with a complex hexagonal lattice, is another crucial precipitate in 9-12Cr martensitic heat-resistant steels.
Laves phase contributes to creep resistance at the beginning by acting as obstacles to the dislocation movement and the grain or the subgrain migration [5] . However, it grows so fast that it soon becomes harmful to the creep strength [6, 7] .
As well as creep strength, impact toughness is another important issue for safety of structural steels. A good understanding of the degradation behavior of impact toughness is critical to the safety of structures. Up to now, it has been generally believed that Laves phase is responsible for the impact brittleness of 9-12Cr martensitic heat-resistant steels after long-term aging at elevated temperatures [8] [9] [10] . The earliest report could be traced back to the work of Hosoi and coworkers [11, 12] , in which Laves phase was revealed to bring impact brittleness in a 9Cr-2Mo ferritic-martensitic steel because the absorbed energy upon impact decreased and the ductile-brittle transition temperature (DBTT) increased as the Laves phase started to precipitate. Kunimitsu et al. reported this phenomenon in 9Cr-2W, 9Cr-2Mo and 9Cr-4W steels [12] . Li has well reviewed this subject in his article [13] . In general, a conclusion can be drawn from all the above reports that impact brittleness happens when Laves phase forms during aging. This opinion has also seemed to be strongly supported from other angles. The first case is that the Si reduction from 0.67 to 0.008 in wt.% was found to strongly postpone the formation of Laves phase [11, 14] and there was almost no change in the impact properties of the Si-free steel (with no Laves phase) when the aging time was increased from 1000 h to 2000 h at 600 °C, which implied that the impact brittleness would not occur if there was no Laves phase formation. The second case is that the impact brittleness could be eliminated by the Laves phase dissolution. Hosoi et al. [11] reported that the decreased toughness could be recovered by reheating the steel at 775 °C for only 1 h. After this reheating, carbides still remained but the Laves phase was dissolved due to the low solvus of around 720 °C in P92 steel [15] . Another similar work [16] showed that the impact toughness could be recovered even by reheating at a relatively low temperature of 720 °C for a long time of 200 h. These two cases illustrate that the Laves phase could dissolve into matrix by reheating at either higher temperatures for a short time or lower temperatures for a long time, and the impact brittleness would be consequently removed.
The morphological characteristics of Laves phase that play critical roles in the impact brittleness have also been investigated. The research of Komazaki et al. [16] showed that the drop in impact toughness was in poorer correlation with maximum size or number density of Laves phase, but uniquely correlated with an increase in the area fraction. Although the area fraction of Laves phase exhibited a fairer correlation with absorbed energy, the results still showed some scattering. In another work [17] , the decreased volume fraction of Laves phase was corresponding to the increased impact toughness. Both the area fraction and the volume fraction are basically the combination of particle size and number density. It appears that either of these two morphological characteristics could be regarded as the key factor that controls the impact brittleness and this could be well interpreted by the traditional fracture theory [16, 17] .
These researches seem completed in both experimental and theoretical aspects. However, the present research shows that the impact toughness of the already brittle steel aged at 600 °C for 2035 h could also be restored by reheating only at 700 °C for 1 h with the Laves phase barely changed. This result totally disagreed with the previous results, indicating that the impact brittleness could not be (solely) attributed to the presence of Laves phase. Thus, it seems that we are not truly clear about the effect of Laves phase on the impact toughness and further work should be done.
Experimental
The chemical composition of the P92 steel is shown in Table 1 . The steel was normalized at 1050 °C for 50 min and then tempered at 760 °C for 1.5 h, which produced a microstructure of tempered martensite before thermal exposure. The impact toughness of the samples aged at 600 °C for 500 h, 2035 h, and 4200 h is presented in this paper to illustrate the aging induced impact brittleness. The already brittle samples were cut from the plate aged at 600 °C for 2035 h and then reheated at 700 °C for 0.5, 1, 4, 6 h. Table 1 . Chemical composition of the P92 experimental steel (wt. %) Charpy V-notch (CVN) impact specimens with the dimensions of 10×10×55 mm 3 were used to evaluate the impact toughness of the aged and the reheated samples. All the impact tests were conducted at ambient temperature and the absorbed energy upon impact reported was the average of three specimens. The microstructures and the morphologies of the Laves phase after thermal aging and reheating were characterized by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The fractography of these specimens were conducted under SEM. The brittle broken impact specimens were cut into two halves perpendicular to the fracture surface, as illustrated in Fig. 1 
Results and discussion

Laves phase during aging
Under the back-scattered electron (BSE) condition, the Mo and/or W-rich Laves phase can be distinguished from the Cr-rich M 23 C 6 carbide [16] . The original microstructure of the P92 steel of Laves phase in the P92 steel was in rod like shape. According to the previous study [13] , this rod like shape illustrated that Laves phase was still coherent to the matrix. With the increase of the aging time, both the amount and the size of Laves phase were obviously (a) (b) (c) 8 increased, as displayed in Fig. 3b . The Laves phase was also observed to gradually change the shape from rod to block. After aging for 4200 h, the largest size Laves phase has grown to nearly 1 μm; they should be completely incoherent to the matrix [15] .
Impact brittleness after aging
The impact toughness of the P92 steel was obviously reduced after thermal exposure. The absorbed energy upon impact dropped very quickly, from 154 J without aging to 69 J after aging at 600 °C for 500 h. After then, the energy seemed stable with the increasing aging time.
When the aging time was increased from 2035 h to 4200 h, the absorbed energy upon impact was only decreased from 63 J to 52 J.
The fracture morphology of the CVN specimens before and after aging at 600 °C is shown in Fig. 4 . As demonstrated, the brittle quasi-cleavage area became larger while the ductile area smaller with the increase of aging time, which matched the impact toughness change well. As we can see in Fig. 4d , the cleavage area almost covered the whole fracture surface, which indicates the lowest absorbed energy upon impact. in Fig. 5 . The fracture characteristics of the reheated specimen at 700 °C for 0.5 h in Fig. 5a are similar to that of the as heat-treated specimen in Fig. 4a . The proportions of ductile area and cleavage area on the broken surface in both cases are almost the same. However, the absorbed energy of the former is only half of the latter. This could be understood in the way that although the ductile areas are almost the same, the ability of the matrix absorbing energy was different. The specimen insufficiently reheated at 700 °C for 0.5 h still cannot absorb energy as high as the as heat-treated specimen. The uncompleted recovering process only partially restored the matrix. The energy needed for breaking the matrix is not as high as for the original heat-treated matrix. Fig. 5b shows the fracture morphologpy of the broken specimen reheated at 700 °C for 6 h, which represents the fracture morphology of all other fully recovered broken specimens and is corresponding with the high impact toughness. 
Impact toughness recovery after reheating
Morphology of Laves phase after reheating
The morphology of Laves phase after reheating at 700 °C for different times, under SEM, is shown in Fig. 6 . Compared with the morphology before reheating in Fig. 3b , the Laves phase in Fig. 6a and b has no difference either in size or in number density. However, when the reheating time is increased to 4 and 6 h, the Laves phase seems to show a decrease in number density, as illustrated in Fig. 6c and d . It seems to suggest that the temperature of 700 °C is slightly higher than the solvus of the Laves phase in this P92 steel, so the amount of Laves
phase was reduced when the reheating time was increased. The interesting finding is that the Laves phase was still in these reheated specimens under these reheating conditions, but these specimens had high impact toughness.
Laves phase and impact brittleness
The effect of the morphology evolution of Laves phase on the impact toughness has been widely interpreted according to the following equation [16, 17] :
where σ F is the fracture stress, E is the Young's modulus, γ pm is the effective surface energy, ν is the Poisson's ratio and a is the size of precipitates. This theory has been frequently used to describe the fracture behavior that is related to precipitates. This theory has also been used to explain the effect of Laves phase on the impact toughness of 9-12Cr heat-resistant steels.
However, in the present research, as shown in Fig. 3b and Fig. 6b , the Laves phase with the similar morphology leads to distinctly different impact toughness. An interesting conclusion could be reached from this result that the presence of Laves phase does not inevitably lead to the reduction of absorbed energy upon impact. The impact brittleness of 9-12Cr heat-resistant steels is not the necessary consequence of Laves phase. Comparing Fig. 6b with c and d, it could also be deduced that even when the number density of Laves phase is reduced, the impact toughness is stable, but not improved. This result is quite contrary to the widely accepted conventional opinion that Laves phase is the cause of impact brittleness. In order to understand the effect of precipitates on crack propagation during impact, the area near the fracture surface of the broken impact specimens was carefully observed under SEM.
As shown in Fig. 7 , in the brittle CVN specimen aged at 600 °C for 500 h, the martensitic laths were torn open during the deformation along the boundaries where the rod like Laves phase and M 23 C 6 carbides were distributed. Laves phase seemed to weaken the adhesion of boundaries and facilitate the crack propagation. However, the similar phenomenon has also been found in the CVN specimens reheated at 700 °C for 1 h. The Laves phase and M 23 C 6 carbides were both observed to assist crack propagation along the martensitic lath boundaries, as shown in Fig. 8a . Even without Laves phase, M 23 C 6 carbides showed the same behavior during the deformation in the original tempered specimens, as shown in Fig. 8b . Therefore, it seems that the Laves phase is not solely responsible for impact fracture behavior in particular brittleness, though it does assist crack propagation. Investigation to find out the consequence that reheating brought about to the microstructure of the already brittle CVN specimen aged at 600 °C for 2035 h has also been carried out on the specimen reheated at 700 °C for 1 h under TEM. Under these two conditions, the microstructures under TEM are quite the same. As shown in Fig. 9a and b, the matrices were both the evolved martensitic laths and there are precipitates including Laves phase and M 23 C 6 carbides along lath boundaries. The Laves phase in them is both around 0.5 μm and could be connected together, as shown in Fig. 9c and d . Under TEM, no remarkable microstructure difference could be found to possibly correspond to the impact brittleness.
(b) (a) Fig. 9 . TEM images and energy dispersive X-ray spectra of Laves precipiates showing the microstructure and the Laves phase in the impact specimens: (a), (c), (e) aged at 600 °C for 2035 h; (b), (d) (f) reheated at 700 °C for 1 h.
Till now, it may be concluded that removing the Laves phase is not necessary for removing the impact brittleness. Further work is being carried out to find the real cause, other than
Laves phase or such characters as the size and the number density of Laves phase, that are responsible for the impact brittleness of P92 steel during aging. Some more specific structural characteristics such as the difference of the interfacial energy between the incoherent Laves phase and the coherent Laves phase and the matrix [15] might be a lead for the further research.
Discussion on the Laves composition and morphology
The effect of the heat treatment on the Laves composition and morphology is discussed in this section. The effect of elements on kinetics, composition and morphology of the Laves phase was included in previous studies [18] [19] [20] .
In particular, the effect on mechanical properties observed should be related to a combination of effects. Fig. 9 shows the characterization of the Laves phase after tempering and reheating.
As observed, there is a change of the Cr signal in the Laves phase composition from the EDX-TEM analysis, which is similar to the observation in the references [18] [19] . This has a consequence on depletion of Cr but also on change of the W content in the matrix of the steel.
Previous research [18] [19] [20] also provides some basis for the effect of heat treatment on morphology, in particular if we are dealing with newly nucleated Laves phase or re-transformed Laves phase on grain boundaries. From the microstructure observation in the present work, it appears inconceivable for the Laves phase after reheating to be all newly nucleated, though a fraction of it could be re-transformed.
There is a role of M 23 C 6 carbides in combination with the Laves phase, since it has been demonstrated that the presence of both phases are competitive (diffusion controlled) in both microstructure formation and evolution, and mechanical properties.
Conclusions
The present research is concerned with the effect of Laves phase on impact brittleness. Some interesting conclusions have been reached.
(1) The absorbed energy upon impact of the already brittle specimens aged at 600 °C for 2035 h could be restored by reheating at 700 °C for 1 h, with Laves phase having hardly changed in size or number density.
(2) The presence of Laves phase is not necessarily responsible for the impact brittleness.
The formation of Laves phase has been widely accepted as the cause of the impact brittleness of 9-12Cr heat resistant steels. However, in the present research, even with the presence of Laves phase, the steel could still have high absorbed energy upon impact.
(3) Further work should be carried out to investigate the real reason for the impact brittleness of 9-12Cr heat resistant steels during aging.
